The biochemistry of sulfur touches on every aspect of cellular biology, from protein structure and function to redox regulation to defense against chemical stress. Over the last decade, posttranslational modification of protein thiols by reactive oxygen or nitrogen species has emerged as a major component of signal transduction, leading to both regulatory and inflammatory responses. A variety of disease states may thus arise as a result of dysregulation in formation of oxygen-and nitrogen-containing messenger molecules or in modification of thiols. For this reason, the pathways, products, and effects of thiol, thiolate, and disulfide modification have been the subject of intense investigation. Understanding of the extent and impact of thiol modification and metabolism has advanced through observation of physiological effects, as well as by in vivo detection of sulfurbased mediators and downstream products. In PNAS, Ida et al.
(1) describe a new mass spectrometric method to quantitate low molecular-weight persulfide (RSSH) and polysulfide content in cells and a proteomic/ Tag-Switch assay to detect S-polythiolated protein adducts. Their findings suggest that persulfides and polysulfides are reactive species that not only must be included among sulfur-based moieties that regulate oxidative stress and redox signaling, but in fact may be major mediators in this regard.
Recently, understanding of the thiol landscape has been expanded by the inclusion of hydrogen sulfide (H 2 S) as a third member of the endogenous gaseous transmitter class, along with nitric oxide (NO) and carbon monoxide (CO). All three share the characteristics of membrane-permeability, higher solubility in lipids than in water [although as an acid H 2 S deprotonates significantly at neutral pH (2)], and identification first as toxins. Pathways for biosynthesis of H 2 S have been identified, and interest in its physiological effects, particularly with respect to the cardiovascular and nervous systems, has increased (3) (4) (5) (6) .
Although H 2 S has been proposed to be formed through the intermediacy of persulfides, Fukuto and colleagues (7) have hypothesized that H 2 S may generate persulfides by the known interaction with oxidized thiols (equation 1 in ref. 8) . This theory suggests the possibility that persulfides and H 2 S may be interrelated (9) .
The detection methods newly developed by Ida et al.
(1) unexpectedly demonstrated that persulfide and polysulfide species are formed at substantially higher levels in mammalian cells, tissues, and plasma than H 2 S. This observation suggests that detection of H 2 S may actually be representative of a larger, and heretofore unrecognized, biochemistry involving persulfides. An important step in sulfur metabolism is the conversion of homocysteine to cysteine by the cystathionine β-synthase (CBS)/ cystathionine γ-lyase (CSE)-mediated transsulfuration pathway. As the primary source of cysteine, this pathway is not only critical for protein synthesis but also allows control of the levels of sulfur-containing amino acids. Cysteine is further converted through γ-glutamylcysteine synthase to glutathione (GSH), which is a critical component of cellular protection against oxidants and potentially toxic electrophiles. The CBS system is also suggested to be a major source of endogenous H 2 S when the substrate is cysteine rather than homocysteine (10) . In fact, expression of CBS/CSE is often used as a marker for H 2 S biosynthesis. Ida et al.
(1) ascertained that cysteine persulfide (CysSSH/ CysSS − ) was a significant enzymatic product of cystine (CysSSCys) modification by the CBS/CSE system and that cystine is the preferred substrate for CSE, even compared with cystathionine.
Subsequent demonstration of facile redox exchange and sulfur atom transfer between CysSSH and both low and high molecularweight thiols (1) suggests an important role for CysSSH in alternating the thiol landscape. CysSSH is suggested to react primarily with GSH and glutathione disulfide (GSSG) to produce glutathione-based per-and polysulfide species. Glutathione persulfide (GSSH/GSS − ) is reported to be as high as 100 μM in the brain. These findings show that persulfides are a major component of redox-modified
Although persulfides have been long known in bacterial biology-mediating processes such as interconversion of Fe 4 S 4 and Fe 2 S 2 clusters-their role in mammalian systems has been less clear. Persulfide intermediates have been suggested to be formed from numerous enzymes, including rhodanse, sulfhydryl oxidase, xanthine oxidase, aldehyde oxidase, and sulfurtransferases like mercaptopyruvate sulftransferase (MPST) (11, 12) . Cysteine oxidase, a nonheme iron protein, produces a persulfide intermediate in oxidation of cysteine to SO [2] [3] . Consumption of H 2 S by the mitochondrial enzyme sulfide quinone reductase (SQR) also forms a persulfide that can form GSS − , through sulfur atom transfer (S 0 as opposed to S 2− sulfhydryl). Although earlier studies have suggested an involvement of persulfides, the levels reported in Ida et al. (1) indicate that the importance of these species and their subsequent modifications in enzymatic function, cellular signaling, and stress responses must be evaluated in detail.
Persulfides should be particularly nucleophilic. As such, formation of low molecularweight persulfides may serve as nucleophilic reductants, whereas transfer of persulfides to proteins may dramatically affect enzyme activity. Ida et al. (1) determined that formation of persulfides from modification of polysulfides by glutathione reductase led to scavenging of H 2 O 2 , and overexpression of CSE led to protection against H 2 O 2 -mediated cell death. These findings expand the understanding of the role of sulfur-based species in control of reactive oxygen species levels by metal-independent mechanisms.
The analysis by Ida et al. (1) indicates that H 2 S-forming enzymes may also contribute to the persulfide pool and that there is a biological and chemical relationship between H 2 S and persulfides (Fig. 1 ). The physiological concentration of H 2 S is 10-30 nM in most tissues (13) . Because H 2 S is a mitochondrial poison, H 2 S levels are controlled through consumption by SQR (H 2 S K M ∼ μM) to form a protein persulfide intermediate that generates GSS − . Cellular consumption of H 2 S is robust at 40 pmol·mg·s, suggesting the importance of consumption to homeostasis. This finding also suggests that high levels of H 2 S, from endogenous sources, the microbiome, diet, environmental exposure, or H 2 S-producing compounds, will be converted into the persulfide pool.
In particular, it should be considered that although H 2 S can react with disulfides, this
The article by Ida et al. indicates both crosstalk between H 2 S and persulfides and a mechanism to enhance the reactivity of H 2 S.
may be slow compared with cellular consumption by SQR. Thus, H 2 S levels may be primarily controlled enzymatically. In turn, GSS − is consumed by persulfide dioxygenase (ETHE1), a nonheme iron and O 2 -dependent enzyme to produce SO [2] [3] and GSH, suggesting that oxygen levels influence GSS − levels. Thus, numerous enzymes may participate in regulation of the balance between thiols, persulfides, and H 2 S (3, 14, 15). The low K M of SQR for H 2 S and higher K M of ETHE1 for GSS − indicates that persulfides should be the predominant species. In principle, it would seem that upon cytoplasmic generation of H 2 S by CBS/CSE and cysteine aminotransferase/MPST, H 2 S would be rapidly converted to GSS − by mitochondrial enzymes. Direct oxidation of CysSSCys by CBS/CSE to CysSS − and sulfur atom transfer to GSS − , as described by Ida et al. (1), presents another important mechanism to form persulfides under increased oxidative conditions. In fact, GSS − appears to be the quintessential mediator of sulfur atom transfer in the cell and is the persulfide adduct in highest quantity. Taking these data together, we find that the biological equilibrium between persulfides and H 2 S may favor persulfides by at least several orders of magnitude.
In summary, the article by Ida et al.
(1) presents a new perspective of the redox landscape in biology. This analysis uncovers a new, and likely critical, modifier of redox-and thiol-based signaling and metabolism and suggests that the underlying mechanisms must be refined. Persulfides may be the kinetic factors that direct electrophiles and oxidants to specific sites, in part by generating low pK a targets for thiols that were otherwise kinetically unreactive. Furthermore, detection of persulfides expands the impact of CBS, CSE, and MST on thiol metabolism. Given the potential for detection of H 2 S to represent a larger pool of sulfur-based compounds, the article by Ida et al.
(1) indicates both crosstalk between H 2 S and persulfides and a mechanism to enhance the reactivity of H 2 S. Sulfur atom transfer from low molecularweight thiols to protein thiols would dramatically change thiol signaling and the metabolic landscape in cells. In a sense, persulfide protein adducts may provide a steering mechanism in thiol-based cellular signaling.
